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HIGHLIGHTS 


►  Core— shell  Si02  particles  are  used  as  coating  materials  for  ceramic-coated  separators. 

►  The  ceramic-coated  separators  exhibit  good  thermals  stability  and  wettability. 

►  The  cells  assembled  with  ceramic-coated  separators  exhibit  good  cycling  performance. 
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Sulfonated  Si02  particles  containing  poly(lithium  4-styrenesulfonte)  in  their  shell  are  synthesized  and 
used  as  coating  materials  for  the  preparation  of  ceramic-coated  separators  for  lithium-ion  cells.  The 
ceramic-coated  separators  exhibit  good  thermal  stability  and  wettability  for  liquid  electrolyte  due  to  the 
presence  of  a  heat-resistant  silica  with  hydrophilic  poly(lithium  4-styrenesulfonte).  By  using  these 
ceramic-coated  separators,  lithium-ion  cells  composed  of  a  carbon  negative  electrode  and  a  LiNii/3Coi/ 
3Mni/302  positive  electrode  are  assembled  and  their  cycling  performances  are  evaluated.  The  cells 
assembled  with  the  ceramic-coated  separators  demonstrate  superior  cycling  performance  compared  to 
cell  prepared  with  a  polyethylene  separator. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  use  of  lithium-ion  batteries  has  been  rapidly  expanding  in 
portable  electronic  devices,  plug-in  hybrid  electric  vehicles 
(PHEVs),  HEVs,  EVs  and  energy  storage  systems  due  to  their  high 
energy  density  and  long  cycle  life.  In  lithium-ion  batteries,  a  sepa¬ 
rator  is  a  critical  component  which  prevents  physical  contact  of  the 
positive  and  negative  electrodes  while  permitting  free  ionic 
transport  within  the  cell.  Most  of  the  separators  currently  used  in 
lithium-ion  batteries  are  based  on  microporous  polyolefin 
membranes  such  as  polyethylene  (PE)  and  polypropylene  (PP)  as 
well  as  various  combinations  of  the  two  [1—3],  Although  these 
separators  offer  excellent  mechanical  strength  and  chemical 
stability,  they  shrink,  soften  and  even  melt  at  high  temperatures 
[4-6],  which  cause  short  circuiting  between  electrodes  in  the 
case  of  unusual  heat  generation.  Furthermore,  without  surface 
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treatment,  the  large  difference  in  polarity  between  the  non-polar 
polyolefin  separator  and  the  polar  organic  electrolyte  leads  to 
poor  wettability  [7,8],  As  a  result,  there  is  a  high  resistance  when 
the  pores  in  the  separator  are  not  completely  filled  with  liquid 
electrolyte.  In  order  to  solve  these  problems,  ceramic-coated 
separators  have  been  developed  by  combining  the  characteristics 
of  a  polymeric  separator  and  ceramic  materials  [9—18],  In  these 
separators,  commercially  available  inorganic  particles  such  as  SiC>2 
and  A1203  have  been  coated  with  a  polymer  binder  on  a  polyolefin 
separator.  The  coating  of  ceramic  particles  has  been  effective  in 
improving  the  mechanical,  thermal  and  electrical  properties 
of  separators  only  due  to  physical  actions  without  directly 
contributing  to  the  lithium  ion  transport  process.  In  our  previous 
studies,  core-shell  structured  Si02  particles  containing  lithium 
ions  in  their  shells  were  synthesized  and  used  as  functional  fillers  in 
Li+-conducting  composite  polymer  electrolytes  [19,20],  These 
fillers  are  unique  because  the  Si02  core  is  covalently  bonded  to 
poly(lithium  4-styrenesulfonte)  (PLSS)  in  the  shell  layer.  Thus,  it  is 
of  great  interest  to  introduce  the  Si02-based  inorganic  materials 
containing  lithium  ions  to  the  ceramic-coated  separator. 
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With  the  goal  of  developing  high  performance  separators  with 
high  thermal  stability,  good  transport  properties  and  enhanced 
wettability  for  non-aqueous  liquid  electrolytes,  we  prepared 
ceramic-coated  separators  based  on  a  PE  separator  and  core-shell 
structured  SiC>2  particles  containing  lithium  ions.  Due  to  the  pres¬ 
ence  of  a  heat-resistant  silica  core  with  a  hydrophilic  shell 
component,  the  ceramic-coated  separator  exhibited  good  thermal 
stability  and  wettability  for  liquid  electrolyte.  Using  these  ceramic- 
coated  separators,  we  assembled  lithium-ion  cells  composed  of 
a  carbon  negative  electrode  and  a  LiNii^CoipMnipC^  positive 
electrode.  The  cycling  performances  of  the  cells  assembled  with  the 
ceramic-coated  separator  were  evaluated  as  a  function  of  the  core¬ 
shell  SiC>2  content  and  the  results  were  compared  to  those  obtained 
with  a  pristine  PE  separator. 

2.  Experimental 

2.1.  Synthesis  of  core-shell  structured  Si02  particles 

The  core— shell  structured  Si02(Li+)  particles  were  synthesized 
through  three  steps,  as  reported  earlier  [19],  Vinyltrimethoxysilane 
(VTMS)  was  added  to  double  distilled  water  under  stirring  for 
30  min  until  the  VTMS  droplets  completely  disappeared.  A  catalytic 
amount  of  NH4OH  was  then  added  to  the  solution  and  the  reaction 
was  continued  for  12  h  at  room  temperature.  After  completion  of 
the  reaction,  the  resulting  precipitate  was  centrifuged  and  washed 
several  times  with  ethanol.  Core-shell  SiC>2(Na+)  particles  were 
synthesized  by  radical  copolymerization  of  silica  core  particles  with 
4-styrenesulfonic  acid  sodium  salt.  The  silica  core  particles  were 
dispersed  in  n-methyl  pyrrolidone  (NMP)  via  ultrasonication  for 
30  min  and  a  solution  consisting  of  4-styrenesulfonic  acid  sodium 
salt  and  azobisisobutyronitrile  (AIBN)  dissolved  in  NMP  was  added. 
To  induce  polymerization,  the  mixture  was  heated  to  60  °C  under 
stirring  for  72  h.  After  polymerization,  the  solution  was  precipitated 
in  excess  diethyl  ether  under  vigorous  stirring.  The  precipitate  was 
filtered  and  washed  several  times  with  methanol/ethanol.  The  Na+ 
ions  in  the  core-shell  structured  SiC>2(Na+)  particles  were  replaced 
by  Li+  ions  by  ionic  exchange  with  LiOH-EhO  [21],  The  resulting 
core— shell  SiC>2(Li+)  powders  were  washed  with  ethanol  to  remove 
any  impurities  and  dried  under  vacuum  at  110  °C  for  12  h. 

2.2.  Preparation  of  the  ceramic-coated  separator 

Ceramic-coated  separators  were  prepared  from  the  core- 
shell  Si02(Li+)  particles  and  poly(vinylidene  fluoride-co- 
hexafluoropropylene)  (P(VdF-co-HFP),  Kynar  2801)  as  a  polymer 
binder.  P(VdF-co-HFP)  was  dissolved  in  an  acetone/butanol  solvent 
mixture  (90/10  by  volume),  and  the  core-shell  Si02(Li+)  particles 
were  directly  added  to  the  polymer  solution  at  concentrations  of  0, 
10, 20,  and  30  wt.%.  The  slurry  was  uniformly  mixed  by  ball  milling 
for  24  h.  Using  a  dip  coating  method,  the  resulting  slurry  was  then 
coated  onto  both  sides  of  a  microporous  PE  separator  (Asahi-Kasei 
Co.)  with  a  thickness  of  20  pm  and  a  porosity  of  40%.  Next,  the 
separator  was  dried  at  room  temperature  for  10  min  to  allow  the 
solvent  to  evaporate,  followed  by  additional  drying  in  a  vacuum 
oven  at  60  °C  for  24  h.  The  coating  thickness  was  adjusted  by 
changing  the  content  of  the  SiC>2(Li+)  particles  and  P(VdF-co-HFP) 
in  the  slurry  so  that  the  total  thickness  of  the  ceramic-coated 
separator  was  kept  to  be  about  29  pm. 

2.3.  Electrode  preparation  and  cell  assembly 

The  positive  electrode  was  prepared  by  coating  the  N-methyl 
pyrrolidine  (NMP)-based  slurry  containing  85  wt.%  LiNi  1  /3C0 1 / 
3Mni/3C>2  (3  M),  7.5  wt.%  poly(vinylidene  fluoride)(PVdF),  and 


7.5  wt.%  super-P  carbon  (MMM  Co.)  on  an  aluminum  foil.  After 
vacuum  drying,  the  electrode  was  punched  into  a  disk.  A  geomet¬ 
rical  area  of  the  positive  electrode  was  1.54  cm2,  and  its  active  mass 
loading  corresponded  to  a  capacity  of  about  2.0  mAh  cm-2.  The 
negative  electrode  was  prepared  similarly  by  coating  the  NMP- 
based  slurry  of  mesocarbon  microbeads  (MCMB,  Osaka  gas),  PVdF 
and  super-P  carbon  at  a  weight  ratio  of  85/7.5/7.5  on  a  copper  foil. 
The  negative  electrode  was  also  cut  into  a  disk  with  a  geometric 
area  of  2.01  cm2.  Lithium-ion  cells  were  assembled  by  sandwiching 
the  ceramic-coated  separator  between  the  carbon  electrode  and 
the  LiNii/3Coi/3Mni/302  electrode.  The  cell  was  then  enclosed  in 
a  2032  coin  cell  and  injected  with  the  same  amount  of  electrolyte 
solution,  which  consisted  of  1.15  M  LiPF6  in  ethylene  carbonate 
(EC)/diethyl  carbonate  (DEC)  (3:7  by  volume,  Soulbrain  Co.  Ltd.). 
The  nominal  capacity  of  coin  cell  was  about  3.1  mAh,  and  thus  1C 
rate  corresponded  to  3.1  mA.  All  cells  were  assembled  in  a  dry  box 
filled  with  argon  gas. 

2.4.  Measurements 

The  morphologies  of  the  materials  were  examined  using  a  field 
emission  scanning  electron  microscope  (FE-SEM,  JEOLJSM-6330F) 
and  a  field  emission  transmission  electron  microscope  (FE-TEM, 
FEI,  Tecnai  G2  F30).  Fourier  transform  infrared  (FT-IR)  spectra  were 
recorded  on  a  Magna  IR  760  spectrometer  in  the  range  of  400- 
4000  cm-1  with  KBr  powder-pressed  pellets.  The  presence  of 
lithium  ions  in  the  core— shell  structured  SiC>2  particles  was 
confirmed  by  Auger  Electron  Spectroscopy  (AES,  ULVAC-PHI,  PHI 
700).  The  thermal  shrinkage  of  the  ceramic-coated  separators  in 
the  form  of  their  dimensional  change  was  measured  before  and 
after  being  held  at  130  °C  for  30  min.  The  internal  short  circuit 
temperature  of  the  cell  was  determined  as  the  temperature  which 
showed  a  sudden  voltage  drop,  as  the  temperature  of  the  cell  was 
increased.  In  order  to  measure  the  electrolyte  uptake  and  ionic 
conductivity,  the  ceramic-coated  separator  was  immersed  in  the 
1.15  M  LiPF6  in  EC/DEC  solution  for  1  h.  Afterward,  the  separator 
was  taken  out  from  the  electrolyte  solution  and  the  excess  elec¬ 
trolyte  solution  on  the  surface  of  separator  was  removed  by  wiping 
with  filter  paper.  The  uptake  of  the  electrolyte  solution  was  then 
determined  by  using  equation  (1), 

uptake  (%)  m  (W  -  W0)/W0  x  100  (1) 

where  W0  and  W  are  the  weights  of  the  separator  before  and  after 
soaking  in  the  liquid  electrolyte,  respectively  [22-24],  The  wetted 
separator  was  sandwiched  between  two  stainless  steel  electrodes 
for  conductivity  measurements.  AC  impedance  measurements 
were  performed  to  measure  the  ionic  conductivity  using  an 
impedance  analyzer  over  the  frequency  range  of  10  Hz— 100  kHz 
with  amplitude  of  10  mV.  Charge  and  discharge  cycling  tests  of 
the  lithium-ion  cells  were  conducted  at  a  current  of  1.55  mA 
(0.5  C  rate)  over  a  voltage  range  of  3.0— 4.5  V  using  battery  test 
equipment. 

3.  Results  and  discussion 

Fig.  1(a)  shows  an  FE-SEM  image  of  the  silica  core  particles.  The 
particles  have  a  uniform  spherical  shape  with  particle  size  ranging 
from  790  to  830  nm.  From  the  FT-IR  spectra  of  the  silica  core 
particles,  peaks  corresponding  to  the  siloxane  (Si— O— Si)  group 
(766, 1000-1200  cm-1)  and  C=C  double  bonds  (1410, 1603  cnr1) 
were  observed  [19],  These  results  imply  that  the  silica  core  particles 
contain  reactive  vinyl  groups  which  permit  the  growth  of  silica 
particles  by  radical  polymerization  with  4-styrenesulfonic  acid 
sodium  salt.  Core-shell  structured  Si02  particles  were  obtained  by 


W.-K  Shin,  D.-W.  Kim  /  Journal  of  Power  Sources  226  (2013)  54-60 


200  nm 

Fig.  1.  (a)  FE-SEM  images  of  silica  particles  and  (b)  a  core-shell  Si02  particle  con¬ 
taining  PSSS  in  the  shell. 


radical  copolymerization  of  silica  core  particles  and  4- 
styrenesulfonic  acid  sodium  salt.  Fig.  1(b)  shows  a  TEM  image  of 
a  core-shell  silica  particle  containing  poly(  sodium  4-styr- 
enesulfonte)  (PSSS)  in  the  shell.  The  particle  has  very  uniform 
core— shell  morphology  with  a  290  nm  thick  shell  layer  of  PSSS 
(gray)  surrounding  a  SiC>2  core  particle  (black).  The  core  diameter  is 
estimated  to  be  about  810  nm,  which  is  consistent  with  the  image 
in  Fig.  1(a).  This  result  indicates  that  the  spherical  SiC>2  particles  are 
well  encapsulated  by  PSSS  with  a  uniform  thickness.  Using  these 
core— shell  structured  Si02(Na+)  particles,  we  replaced  the  sodium 
ions  in  the  shells  of  the  core-shell  structured  Si02  particles  with 
lithium  ions.  The  AES  profile  of  the  core-shell  structured  SiC>2(Li+) 
particles  shown  in  Fig.  2  reveals  a  54.8  eV  characteristic  peak  cor¬ 
responding  to  lithium  [25],  confirming  that  the  Si02(Na+)  particles 
are  converted  to  Si02(Li+)  particles. 

FE-SEM  images  of  the  surface  of  the  porous  PE  separator  and 
ceramic-coated  separator  are  presented  in  Fig.  3.  The  PE  separator 
exhibits  a  uniformly  interconnected  submicron  pore  structure.  As 
the  core— shell  Si02(Li+)  particles  with  polymer  binder  are  coated 
onto  the  PE  substrate,  the  particles  are  homogeneously  distributed 


in  the  surface  layer  without  agglomeration.  The  presence  of  the 
coating  layer  consisting  of  core— shell  Si02(Li+)  particles  and  P(VdF- 
co-HFP)  is  expected  to  improve  the  thermal  stability  of  the  PE 
separator  and  also  enhance  the  wettability  for  liquid  electrolyte 
upon  immersion  in  an  electrolyte  solution. 

In  order  to  evaluate  the  heat-resistant  properties  of  the  ceramic- 
coated  separators,  we  measured  the  thermal  shrinkage  after  storing 
the  separators  at  130  °C  for  30  min,  and  the  results  are  given  in 
Table  1  and  Fig.  4.  As  shown  in  Fig.  4,  the  PE  separator  exhibits 
a  high  degree  of  shrinkage  (16.3%)  during  exposure  to  the  high 
temperature  conditions.  Since  the  manufacturing  process  of 
microporous  PE  separators  includes  a  drawing  step,  the  PE  sepa¬ 
rator  easily  shrinks  when  exposed  to  high  temperature  [2],  which 
may  result  in  physical  contact  between  negative  electrode  and 
positive  electrode.  On  the  other  hand,  the  thermal  shrinkage  was 
remarkably  reduced  by  coating  both  sides  of  the  PE  separator  with 
core— shell  Si02(Li+)  particles  and  polymer  binder.  It  is  considered 
that  the  coating  of  ceramic-based  particles  onto  both  sides  of  the  PE 
separator  can  prevent  dimensional  changes  by  thermal  deforma¬ 
tion  because  of  the  frame  structure  of  the  heat-resistant  ceramic 
powder  with  polymer  binder.  The  separators  used  in  lithium-ion 
batteries  should  have  also  high  temperature  melt  integrity,  which 
helps  to  avoid  thermal  runaway  when  the  cell  is  exposed  to  high 
temperatures.  This  is  especially  important  for  large  scale  lithium- 
ion  cells  being  developed  for  electric  vehicles  and  energy  storage 
systems.  Internal  short  circuits  are  evidenced  by  precipitous  drops 
in  the  cell  voltage,  and  the  internal  short  circuit  temperatures 
which  corresponded  to  sudden  voltage  drops  are  given  in  Table  1. 
The  cell  with  a  conventional  PE  separator  shows  an  internal  short 
circuit  at  130  °C.  On  the  contrary,  the  cells  assembled  with  the 
ceramic-coated  separator  exhibit  a  sudden  voltage  drop  at  around 
160  °C,  suggesting  the  coating  layer  containing  core— shell  Si02(Li+) 
particles  on  the  outside  of  the  PE  separator  helps  in  maintaining  the 
melt  integrity  of  the  separator  at  higher  temperatures. 

The  wettability  of  the  separator  plays  an  important  role  in 
battery  performance  because  the  separator  with  good  wettability 
can  effectively  retain  the  electrolyte  solution  and  facilitate  ion 
transport  between  electrodes  [1,2],  The  electrolyte  uptake  is  one  of 
the  indicators  for  the  wettability  of  the  separator.  The  uptake  of 
organic  electrolyte  in  the  ceramic-coated  separator  and  the  ionic 
conductivity  after  soaking  in  the  liquid  electrolyte  were  measured 
and  are  summarized  in  Table  1.  For  comparison  purposes,  a  pristine 
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Fig.  3.  FE-SEM  images  of  the  surface  of  a  pristine  PE  separator  and  ceramic-coated  separators  containing  different  amounts  of  Si02(Li+)  particles:  (a)  PE  separator,  and  ceramic- 
coated  separators  containing  (b)  0  wt.%,  (c)  10  wt.%,  (d)  20  wt.%,  and  (e)  30  wt.%  Si02(Li+)  particles. 


PE  separator  was  soaked  in  the  same  electrolyte  solution  and  the 
corresponding  results  are  included  in  Table  1.  The  ionic  conduc¬ 
tivity  of  the  liquid  electrolyte  used  in  soaking  the  separators  is 
6.0  x  10-3  S  cm-1  at  room  temperature.  It  can  be  seen  that  the  ionic 
conductivity  of  the  PE  separator  filled  with  the  electrolyte  solution 
is  lower  than  that  of  the  electrolyte  solution,  which  is  due  to  the 
fact  that  the  specific  resistivity  of  the  separator  saturated  with 


liquid  electrolyte  is  increased  due  to  the  combination  of  the 
tortuosity  and  porosity  of  the  separator  [1],  The  PE  separator 
exhibits  poor  wettability  due  to  its  inherent  hydrophobic  proper¬ 
ties.  For  the  ceramic-coated  separators,  the  amount  of  electrolyte 
absorbed  is  greater  than  the  amount  absorbed  by  the  PE  separator, 
which  results  in  a  higher  ionic  conductivity.  This  is  due  to  the  fact 
that  the  hydrophilic  PLSS  in  the  shell  of  the  core-shell  structured 


Table  1 

Physical  properties  of  the  PE  separator  and  ceramic-coated  separators  containing  different  amounts  of  Si02(Li+)  particles. 


Separator 


PE 

Si02(Li+)  0  wt.% 
Si02(Li+)  10  wt.% 
Si02(Li+)  20  wt.% 
Si02(Li+)  30  wt.% 


Thickness  Thermal  Internal  short 

(pm)  shrinkage  (%)  temperature  (°C) 

~20  163  130 

29  9.8  150 

29  7.9  160 

29  5.9  160 

29  4.0  160 


Electrolyte 
uptake  (%) 
97.6 

157.6 
212.2 

231.7 

242.8 


(S' 


/ity 
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Fig.  4.  Photographs  of  (a)  a  PE  separator  and  ceramic-coated  separators  containing  (b)  0  wt.%,  (c)  10  wt.%,  (d)  20  wt.%,  and  (e)  30  wt.%  Si02(Li+)  particles  after  being  held  at  130  °C 
for  30  min. 


Si02(Li+)  particles  has  a  high  affinity  for  the  electrolyte  solution.  As 
a  result,  the  liquid  electrolyte  is  not  only  encapsulated  in  the  pores 
but  also  retained  in  the  coating  layer  composed  of  the  Si02(Li+) 
particles  and  P(VdF-co-HFP).  The  lithium  ions  dissociated  from  the 
SiC>2(Li+)  particles  can  also  contribute  to  the  ionic  conductivity, 
resulting  in  the  increasing  ionic  conductivity  with  increasing 
SiC>2(Li+)  content  [19,20],  The  decrease  of  the  ionic  conductivity 
beyond  20  wt.%  Si02(Li+)  may  be  attributed  to  the  blocking  effect  of 
the  charge  carrier  transport  since  the  core  of  the  SiC>2(Li+)  powder 
is  an  insulator  by  nature. 

We  evaluated  the  cycling  performance  of  lithium-ion  cells 
prepared  with  the  ceramic-coated  separator.  The  cells  were  initially 
subjected  to  a  preconditioning  cycle  in  the  voltage  range  of  3.0— 

4.5  V  at  constant  current  rates  of  0.05  C,  0.1  C,  and  0.2  C,  consec¬ 
utively.  After  three  cycles,  the  cells  were  charged  at  a  current 
density  of  0.5  C  rate  up  to  a  target  voltage  of  4.5  V.  This  was  fol¬ 
lowed  by  a  constant  voltage  charge  with  declining  current  until 
a  final  current  equal  to  20%  of  the  charging  current  was  obtained. 
The  cells  were  then  discharged  to  a  cut-off  voltage  of  3.0  V  at  the 
same  current  density.  Fig.  5  shows  the  charge-discharge  curves  of 
the  1st,  10th,  20th,  50th,  and  100th  cycle  of  the  lithium-ion  cell 
assembled  with  the  ceramic-coated  separator  containing  20  wt.% 
SiC>2(Li+).  The  cell  delivers  an  initial  discharge  capacity  of 

173.5  mAh  g-1  based  on  the  active  LiNii/3Coi/3Mni/3C>2  material  in 
the  positive  electrode.  The  discharge  capacity  of  the  cell  declines  to 
155.4  mAh  g-1  after  100  charge/discharge  cycles.  Fig.  6  shows  the 
discharge  capacities  of  lithium-ion  cells  assembled  with  different 
separators  as  a  function  of  the  cycle  number.  It  has  been  reported 
that  the  presence  of  an  additional  coating  layer  on  the  porous  PE 
separator  increased  the  resistance  of  ion  migration  in  the  separator, 
giving  rise  to  a  reduced  discharge  capacity  [10,16],  However,  in  the 
present  study,  the  initial  discharge  capacity  of  the  cell  is  slightly 
increased  by  coating  the  PE  separator  with  Si02(Li+)  powder  and 
polymer  binder,  resulting  from  the  improved  ionic  conductivity 


after  coating  Si02(Li+)  powder  and  polymer  binder  onto  both  sides 
of  the  PE  separator,  as  shown  in  Table  1.  The  capacity  retention  is 
also  improved  by  using  the  ceramic-coated  separator.  The  ability  to 
retain  electrolyte  solution  in  the  ceramic-coated  separator  is  higher 
than  in  the  hydrophobic  PE  separator  and  thus  helps  to  prevent 
a  leak  of  electrolyte  during  repeated  cycling.  When  examining  the 
effect  of  the  content  of  the  Si02(Li+)  powder  on  the  cell  perfor¬ 
mance,  the  cell  assembled  with  the  ceramic-coated  separator 
containing  a  higher  content  of  Si02(Li+)  exhibits  a  better  capacity 
retention.  Capacity  fading  in  Fig.  6  seems  to  be  fast  as  compared  to 
those  of  previous  works  by  Yabuuchi  et  al.  [26,27],  although  the 
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Fig.  5.  Charge  and  discharge  curves  of  lithium-ion  cell  assembled  with  the  ceramic- 
coated  separator  containing  20  wt.%  Si02(Li+)  particles  (0.5  C  CC  &  CV  charge,  0.5  C 
CC  discharge,  cut-off  of  3.0-4.5  V). 
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ceramic-coated  separators  (0.5  C  CC  &  CV  charge,  0.5  V  CC  discharge,  cut-off  of  3.0— 
4.5  V). 


capacity  retention  is  improved  by  using  the  ceramic-coated 
separator.  The  capacity  fading  may  be  due  to  the  imbalance  of 
coulombic  efficiencies  between  the  negative  and  positive  elec¬ 
trodes  [28],  High  cut-off  voltage  (4.5  V)  for  charging  can  also  cause 
a  gradual  degradation  of  capacity,  based  on  earlier  report  that 
charge-end  voltage  should  be  set  below  4.4  V  to  avoid  a  capacity 
fading  due  to  the  change  in  lattice  volume  [27], 

The  rate  capability  of  the  lithium-ion  cell  prepared  with  the 
ceramic-coated  separator  was  also  evaluated.  Cells  were  charged  to 
4.5  V  at  a  constant  current  of  0.2  C  and  discharged  at  different 
current  rates  ranging  from  0.2  to  5.0  C.  The  discharge  curves  of  the 
lithium-ion  cell  assembled  with  the  ceramic-coated  separator 
containing  20  wt.%  SiC>2(Li+)  are  given  in  Fig.  7.  Fig.  8  compares  the 
relative  discharge  capacities  of  lithium-ion  cells  prepared  with 
different  separators  as  a  function  of  the  current  density,  where  the 
relative  capacity  is  defined  as  the  ratio  of  the  discharge  capacity  at 
a  specific  C  rate  to  the  discharge  delivered  at  a  rate  of  0.2  C.  The 
results  demonstrate  that  the  rate  capability  of  the  cell  is  improved 
by  coating  the  PE  separator  with  Si02(Li+)  powder  and  polymer 
binder.  The  coating  layer  on  both  sides  of  the  PE  separator  assists 


Discharge  capacity  (mAh  g' ) 

Fig.  7.  Discharge  profiles  of  the  lithium-ion  cell  prepared  with  a  ceramic-coated 
separator  containing  20  wt.%  Si02(Li+)  particles  as  function  of  the  C  rate.  The  charge 
rate  was  0.2  C  with  a  4.5  V  cut-off. 


the  adhesion  of  the  separator  to  the  electrodes  after  soaking  in  the 
electrolyte  solution,  which  results  in  favorable  interfacial  charge 
transport  between  the  electrodes  and  electrolytes  in  the  cell.  In  the 
case  of  the  ceramic-coated  separator  containing  30  wt.%  Si02(Li+), 
the  excessive  Si02(Li+)  particles  in  the  separator  decrease  the  ionic 
conductivity,  as  given  in  Table  1,  the  result  of  which  is  a  decreased 
discharge  capacity  at  high  current  rates. 

4.  Conclusions 

Core-shell  structured  Si02  particles  containing  Li+  ions  in  their 
shell  are  synthesized.  The  ceramic-coated  separators  are  prepared 
by  coating  the  core— shell  Si02(Li+)  particles  and  P(VdF-co-HFP) 
onto  both  sides  of  a  porous  PE  separator.  These  separators  have 
enhanced  thermal  stability  and  melt  integrity.  Due  to  the  hydro¬ 
philic  PLSS  in  the  shell  of  the  SiC>2(Li+)  particles,  the  ceramic-coated 
separators  exhibit  good  wettability  for  liquid  electrolytes  and  high 
ionic  conductivity.  As  a  result,  the  lithium-ion  cells  assembled  with 
the  ceramic-coated  separators  exhibit  better  cycling  performance 
than  the  cells  prepared  with  a  pristine  PE  separator.  The  results 
reported  in  this  work  encourage  us  to  continue  the  study  of 
lithium-ion  polymer  batteries  with  the  aim  of  further  improving 
cycling  performance  by  optimizing  the  ceramic-coated  separator 
with  respect  to  thickness  and  porosity  of  coating  layer,  core  size  and 
shell  thickness  of  core-shell  Si02  particle. 
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